Introduction {#s1}
============

Despite recent advances in highly active anti-retroviral therapy, human immunodeficiency virus (HIV) infections and the resulting acquired immunodeficiency syndrome (AIDS) remain an important cause of morbidity and mortality worldwide with 2.6 million new cases and 1.8 million deaths reported in 2009 [@pone.0041205-AIDS1]. Therefore, it is widely acknowledged that a safe and effective HIV prophylactic vaccine would be the best long-term measure to bring the HIV/AIDS epidemics under control.

It has been suggested that the effectiveness of vaccines in the population is affected by several factors such as age [@pone.0041205-Talbot1], malnutrition [@pone.0041205-Iyer1], and concurrent infections [@pone.0041205-Whittle1]--[@pone.0041205-UrbanJr1]. One of the factors that could potentially affect HIV vaccination efficacy is high prevalence of tuberculosis (TB) in HIV endemic regions. Over 90% of the world's HIV/AIDS cases are in Africa where TB is the leading cause of HIV-related mortality [@pone.0041205-Harries1]. The HIV and TB epidemics fuel each other [@pone.0041205-Pawlowski1] and the relationship between HIV and *Mycobacterium tuberculosis* (*Mtb*) infection in co-infected individuals has been shown to be synergistic; latent *Mtb* infection is activated by HIV-induced immunodeficiency and latent HIV in proviral form is triggered by TB-induced immune activation [@pone.0041205-Diedrich1], [@pone.0041205-Lawn1]. In addition, TB impairs recovery of immune system in HIV-infected patients undergoing anti-retroviral therapy [@pone.0041205-Cingolani1].

Studies of long-term non-progressors, a small subset of HIV-1 infected individuals who have stable CD4 T cell counts for more than 5 years without retroviral therapy [@pone.0041205-Poropatich1], firmly suggest that an effective immune response helps control the infection and disease. These studies imply that, by analogy to natural HIV infection in long-term non-progressors, an efficient HIV vaccine should elicit cytotoxic T cell responses [@pone.0041205-Masopust1], and multifunctional T cells that produce multiple cytokines in response to HIV antigens [@pone.0041205-Owen1]. In addition to cell-mediated immunity, the HIV vaccine should evoke early and robust broadly virus-neutralizing antibodies [@pone.0041205-Tomaras1] similar to those identified in a subset of HIV-1 infected subjects [@pone.0041205-Mikell1]. It is also considered important that, in order to prevent the infection or reduce the infectious inoculum, the HIV vaccine should induce immune responses at mucosal surfaces, which represent sites of HIV entry [@pone.0041205-Belyakov1], [@pone.0041205-Perrin1].

An extensive search for a HIV vaccine has resulted in a large number of vaccine candidates that in laboratory animals elicited immune responses against HIV antigens [@pone.0041205-Kim1]. Based on results of immunogenicity and protection studies in non-human primates several promising HIV vaccine candidates were taken to clinical trials. To date, out of several vaccine candidates investigated in clinical phase II/III trials, only one showed moderate level of protective efficacy. Thus, although level of protection afforded by this vaccine was unsatisfactory, the trial demonstrated that construction of an effective HIV vaccine is possible [@pone.0041205-RerksNgarm1]. Nevertheless, future HIV vaccine studies should, in addition to defining protective immune responses, also focus on factors that could interfere with vaccine-induced protection.

One of the overlooked issues that have potential impact on HIV vaccine development stems from the fact that geographical areas with the highest prevalence of HIV and *Mtb* infections overlap. Consequently, future HIV vaccine will often be administered to individuals harboring latent or undiagnosed active TB. Several acute or chronic infections, such as measles, malaria, and helminthes have previously been found to interfere with efficacy of vaccination against unrelated pathogens [@pone.0041205-Whittle1]--[@pone.0041205-UrbanJr1]. In contrast, the impact of TB on HIV vaccine efficacy has not yet been addressed in preclinical studies, despite the high prevalence of TB in HIV vaccine target populations.

In this study we investigated the effect of concurrent chronic *Mtb* infection on immunogenicity of a HIV DNA/protein vaccine candidate that has generated promising results in a mouse model [@pone.0041205-Sandstrm1]. We found that both the magnitude and the quality of antibody and T cell responses to such vaccine were impaired by *Mtb* infection.

Results {#s2}
=======

Concurrent *Mtb* Infection Impairs IgA Levels Induced by the HIV Vaccination {#s2a}
----------------------------------------------------------------------------

The humoral response mediated by IgA at mucosal surfaces may help prevent HIV infection or reduce the viral load [@pone.0041205-Belyakov1]. We therefore assessed the impact of ongoing *Mtb* infection on IgA responses to HIV vaccination by examining the relative levels of p24Gag and gp160Env-specific IgA in vaginal secretions and sera from *Mtb*-infected and MultiHIV DNA/protein-vaccinated mice, as compared to uninfected vaccinated animals.

Importantly, HIV vaccination of mice via the intranasal (i.n.) route resulted in moderately high levels of p24Gag- and gp160Env-specific vaginal IgA 4 weeks (wk) post-vaccination ([Fig. 1A and B](#pone-0041205-g001){ref-type="fig"}). Compared to unifected mice, the titers seemed lower in *Mtb*-infected animals, although the difference did not reach statistical significance. As expected, intramuscular (i.m.) vaccination did not induce any detectable IgA in vaginal secretions. The HIV vaccine-induced serum IgA levels were higher following i.m. vaccination when compared to i.n. vaccination ([Figure 1C and D](#pone-0041205-g001){ref-type="fig"}). While the anti-p24Gag and anti-gp160Env serum IgA levels elicited by i.m. vaccination were not modified by prior *Mtb* infection, those induced by i.n. vaccination were significantly suppressed in *Mtb*-infected mice (P\<0.05).

![HIV-specific vaginal secretory and serum IgA in uninfected and *Mtb*-infected C57BL/6 mice post-vaccination with MultiHIV DNA/protein.\
Uninfected C57BL/6 mice, or *Mtb* aerosol-infected mice, were immunized and boosted with MultiHIV DNA/protein as described in [Materials and Methods](#s4){ref-type="sec"}. Vaginal secretions were collected 4 wk post-vaccination and HIV p24Gag-specific and gp160Env-specific IgA were determined in vaginal washings (A, B) and serum (C, D) as described in [Materials and Methods](#s4){ref-type="sec"}. The median endpoint titer of 6--8 mice/group from one individual experiment is shown as a solid line. The box defines the 75th and 25th percentiles and the whiskers define the maximum and minimum values. Dashed line indicates the ELISA sensitivity threshold. (\*: P\<0.05). HIV-specific IgA levels were examined in two separate experiments.](pone.0041205.g001){#pone-0041205-g001}

Thus, *Mtb* infection was shown to diminish HIV-specific IgA responses at mucosal surfaces.

Concurrent *Mtb* Infection Reduces Serum Antibody Responses to the MultiHIV DNA/Protein Vaccine Administered I.N {#s2b}
----------------------------------------------------------------------------------------------------------------

To determine whether concurrent *Mtb* infection affects IgG responses to HIV vaccination, we investigated serum p24Gag- and gp160Env-specific IgG in *Mtb*-infected and uninfected mice after MultiHIV DNA/protein immunization.

Two wk post-vaccination (after the second protein boost) uninfected mice had high serum levels of anti-p24Gag IgG ([Figure 2A](#pone-0041205-g002){ref-type="fig"}) and anti-gp160Env IgG ([Figure 2B](#pone-0041205-g002){ref-type="fig"}). The IgG titers in mice vaccinated by the i.n. route were over 1 log higher than those in mice vaccinated by the i.m. route, but the difference did not reach statistical significance. Strikingly, in *Mtb*-infected and i.n. vaccinated mice, anti-p24Gag serum IgG were reduced by almost 3 logs ([Figure 2A](#pone-0041205-g002){ref-type="fig"}; P\<0.01) and anti-gp160Env serum IgG were virtually absent ([Figure 2B](#pone-0041205-g002){ref-type="fig"}; P\<0.01), as compared to the serum IgG levels in uninfected mice. Unlike serum IgG responses elicited by i.n. vaccination, those induced by i.m. vaccination were not impaired by the concurrent *Mtb* infection.

![Effect of *Mtb* infection on HIV-specific serum IgG titers induced by MultiHIV DNA vaccination followed by protein boost.\
Uninfected or low-dose *Mtb* aerosol-infected (7 wk post infection) C57BL/6 mice were vaccinated i.n. or i.m. with MultiHIV DNA encoding HIV-1 subtype B gp160Env, p37Gag, Nef, Tat, and Rev in N3 adjuvant followed by two booster inoculations of recombinant HIV proteins (gp160Env, p24Gag, Tat, and Nef) in L3 adjuvant. HIV-specific serum IgG levels were measured 2 (A, B) and 4 wk (C, D) post-vaccination with HIV antigen-ELISA using p24Gag (A, C) and gp160Env (B, D) as coating antigens, as described in [Materials and Methods](#s4){ref-type="sec"}. Median endpoint titer of 6--8 mice/group from one individual experiment is shown as a solid line. The box defines the 75th and 25th percentiles and the whiskers define the maximum and minimum values. Dashed line indicates the ELISA sensitivity threshold. (\*: P\<0.05; \*\*: P\<0.01). The IgG titers were examined in two separate experiments.](pone.0041205.g002){#pone-0041205-g002}

Both p24Gag- and gp160Env-specific serum IgG elicited by i.n. vaccination decreased significantly 4 wk post-infection ([Figure 2C and D](#pone-0041205-g002){ref-type="fig"}; P\<0.05). Despite this reduction the trend for compromised HIV antibody responses in *Mtb*-infected relative to uninfected animals could still be observed. Conversely, at 4 wk, p24Gag- and gp160Env-specific serum IgG levels induced by the i.m. vaccination remained as high as at 2 wk and were not affected by pre-existing *Mtb* infection.

Of note, MultiHIV DNA/protein elicited moderately high anti-Nef and anti-Tat serum IgG that were not altered by a concurrent *Mtb* infection, irrespective of the vaccination route ([Figure S1](#pone.0041205.s001){ref-type="supplementary-material"}).

Our results show that, in addition to affecting the specific mucosal IgA response, *Mtb* infection can, depending on the vaccination route, significantly reduce the serum IgG titers induced by a HIV vaccine.

Concurrent *Mtb* Infection Reduces HIV Vaccine-induced Virus Neutralizing Activity in Sera of Mice Vaccinated by the I.M. Route {#s2c}
-------------------------------------------------------------------------------------------------------------------------------

Studies of long-term non-progressors indicate that more important than the amount of HIV-specific antibodies is their ability to neutralize the virus [@pone.0041205-Poropatich1], [@pone.0041205-Mikell1]. In order to assess the impact of prior *Mtb* infection on the quality of antibody responses to subsequent HIV vaccination, we investigated heterologous HIV neutralizing activity in 4 wk post-vaccination sera from uninfected or *Mtb*-infected and MultiHIV DNA/protein-vaccinated mice.

Using the 50% HIV neutralization assay we found, that i.n. vaccination of mice with MultiHIV DNA/protein elicited moderate neutralizing serum antibody responses whereas i.m. vaccination resulted in 3-fold higher HIV neutralizing activity ([Figure 3](#pone-0041205-g003){ref-type="fig"}; P\<0.05). However, while concurrent *Mtb* infection had no effect on neutralizing activity in sera of i.n. vaccinated mice, it reduced over 3-fold the neutralizing response in mice that received the HIV vaccine through the i.m. route (P\<0.001).

![Effect of *Mtb* infection on MultiHIV DNA/protein-induced HIV neutralizing activity in mouse sera.\
Sera from uninfected and *Mtb*-infected C57BL/6 mice subsequently vaccinated i.n. or i.m. with MultHIV DNA/protein were collected 4 wk post-vaccination. *Ex vivo* HIV-1 neutralization assay was performed on PHA-stimulated PBMCs using two heterologous HIV-1 strains and serially diluted immune mouse sera as described in [Materials and Methods](#s4){ref-type="sec"}. Neutralization titer is defined as reciprocal dilution of serum resulting in 50% inhibition of viral infectivity estimated on the basis of HIV p24 antigen production in PBMCs (NT~50~). Median NT~50~ of 6--8 mice/group from one individual experiment is shown as a solid line. The box defines the 75th and 25th percentiles and the whiskers define the maximum and minimum values (\*: P\<0.05; \*\*\*: P\<0.001). The HIV neutralizing activity in mouse sera was investigated in two separate experiments.](pone.0041205.g003){#pone-0041205-g003}

In conclusion, *Mtb* infection not only reduces the amount of antibodies induced by the HIV vaccine, but also impairs the quality of the antibody response to vaccination.

Concurrent *Mtb* Infection Amplifies the Th1 Bias of Immune Reponses elicited by HIV Vaccine {#s2d}
--------------------------------------------------------------------------------------------

Assessment of vaccine elicited production of IgG1 versus IgG2a indirectly measures differential Th2-Th1 immune reponses and may provide clues that could explain the reduced virus-neutralizing activity in *Mtb*-infected mice. In order to investigate in more detail the impact of concurrent *Mtb* infection on Th2-Th1responses elicited by the HIV vaccine, p24Gag-specific serum IgG1 and IgG2a were determined 4 wk post-vaccination. Uninfected mice inoculated with the HIV vaccine through either the i.n. or the i.m. route had high p24Gag-specific serum IgG1:IgG2a ratios, indicative of immune response with a prevalent Th2 component ([Figure 4](#pone-0041205-g004){ref-type="fig"}). Importantly, *Mtb* infection prior to HIV vaccination resulted in 5-fold reduced IgG1:IgG2a ratios regardless of the vaccination route (P\<0.001).

![IgG1:IgG2a ratios of HIV p24Gag-specific antibodies in sera of uninfected and *Mtb*-infected mice vaccinated with MultiHIV DNA/protein.\
Uninfected C57BL/6 mice, or mice infected with *Mtb* via the respiratory route, were immunized and boosted with MultiHIV DNA/protein, as described in [Materials and Methods](#s4){ref-type="sec"}. IgG1:IgG2a ratios were calculated using p24Gag-specific antibody titers determined with ELISA in sera 4 wk post-vaccination. Median IgG1:IgG2a ratio of 6--8 mice/group from one individual experiment is shown as a solid line. The box defines the 75th and 25th percentiles and the whiskers define the maximum and minimum values (\*\*: P\<0.01; \*\*\*: P\<0.001). The IgG1:IgG2a ratios were determined in two separate experiments.](pone.0041205.g004){#pone-0041205-g004}

Here we show that the host immune response initiated by *Mtb* infection adversely affects the IgG1 : IgG2a ratio elicited by the HIV vaccine. This may explain the reduced neutralizing activity in sera that we observed in *Mtb*-infected HIV vaccinated animals.

T Cell Responses to MultiHIV DNA/Protein Are Suppressed in Mice Infected with *Mtb* Prior to Vaccination {#s2e}
--------------------------------------------------------------------------------------------------------

Induction of T cells expressing Th1 cytokines: IFN-γ, IL-2, or TNF is necessary for efficient protection against intracellular pathogens such as HIV [@pone.0041205-Foulds1]. HIV-specific multifunctional T cells that simultaneously produce more than one cytokine were recently suggested to play an important role in the control of HIV infection [@pone.0041205-Owen1]. We studied the magnitude and the quality of T cell responses in splenocytes of MultiHIV DNA/protein-immunized mice 4 wk post-vaccination. We analyzed the numbers and frequencies of CD4 and CD8 T cells that expressed intracellular IFN-γ, IL-2, or TNF, upon restimulation with HIV p24Gag peptide pools *ex vivo*. We found that i.n. vaccination of uninfected mice induced high numbers of p24Gag-specific CD4 ([Figure 5A and C](#pone-0041205-g005){ref-type="fig"}) and CD8 ([Figure 5B and D](#pone-0041205-g005){ref-type="fig"}) T cells expressing IFN-γ or TNF and low to moderate numbers of IL-2 producing cells as compared to the non-vaccinated controls. The numbers of p24Gag-specific single cytokine producing T cells in i.m. vaccinated mice did not significantly differ from those in mice vaccinated by the i.n. route.

![HIV p24Gag-specific T cell cytokine responses in spleens of uninfected or *Mtb*-infected mice vaccinated with MultiHIV DNA/protein.\
Splenocytes from *Mtb*-infected or uninfected mice, which were immunized and boosted with MultiHIV DNA/protein, were isolated 4 wk post-vaccination, restimulated *ex vivo* with p24Gag antigen, and stained for CD4 and CD8 markers and for intracellular IFN-γ, TNF, and IL-2 (details in [Materials and Methods](#s4){ref-type="sec"}). Numbers of p24Gag-specific CD4+ (A) and CD8+ (B) T cells producing one of three cytokines were determined by flow cytometry. Mean number of single cytokine-producing T cells ± SEM are shown (6--8 animals/group from one individual experiment; \*\*: P\<0.01). Flow cytometry plots depict representative intracellular cytokine staining of CD4+ (C) and CD8+ (D) T cells. The cytokine profile of p24Gag-specific T cells was determined in two separate experiments.](pone.0041205.g005){#pone-0041205-g005}

In contrast to non-*Mtb* infected HIV-vaccinated mice, *Mtb*-infected mice had significantly fewer cytokine producing splenic T cells ([Figure 5A and B](#pone-0041205-g005){ref-type="fig"}), regardless of the vaccination route. In *Mtb*-infected animals vaccinated i.n., p24Gag-specific IFN-γ-producing CD4 T cells were reduced 4-fold (P\<0.01) and TNF-producing CD4 T cells were reduced 2-fold compared to uninfected controls. Similarly, in *Mtb*-infected animals vaccinated i.m., p24Gag-specific IFN-γ-producing CD4 T cells were reduced 4.5-fold (P\<0.01) and TNF-producing CD4 T cells were reduced 3-fold compared to uninfected control mice ([Figure 5A](#pone-0041205-g005){ref-type="fig"}). A similar decrease of IFN-γ-producing T cells in *Mtb*-infected mice was found in the CD8 T cell subset (5-fold for i.n. route; P\<0.01, and 3.5-fold for the i.m. route; [Figure 5B](#pone-0041205-g005){ref-type="fig"}). Even though the difference did not reach statistical significance, *Mtb*-infection seemed to negatively influence IL-2 production by antigen-specific CD4 and CD8 T cells following i.m., but not i.n., vaccination ([Figure 5](#pone-0041205-g005){ref-type="fig"}).

In addition to CD4 and CD8 T cells producing single cytokines, spleens of uninfected HIV-vaccinated mice contained measurable levels of p24Gag-specific multifunctional CD4 T cells which simultaneously expressed IFN-γ/IL-2, IFN-γ/TNF, IL-2/TNF, or IFN-γ/TNF/IL-2 and were similar in mice vaccinated through the i.n. and the i.m. route ([Figure 6A](#pone-0041205-g006){ref-type="fig"}). Importantly, both numbers ([Figure 6A](#pone-0041205-g006){ref-type="fig"}) and proportions ([Figure 6B](#pone-0041205-g006){ref-type="fig"}) of CD4 multifunctional T cells were significantly decreased in spleens of mice that harbored *Mtb* infection at the time of HIV vaccination through the i.m. route, compared to uninfected HIV-vaccinated animals; 6-fold reduction of IFN-γ/IL-2/TNF, and 9-fold reduction of IFN-γ/TNF expressing CD4 T cells were found. A similar trend of diminished levels of IFN-γ/IL-2/TNF and IFN-γ/TNF cells was noted in spleens of i.n. vaccinated mice that were *Mtb*-infected prior to HIV-vaccination. In contrast, *Mtb* infection prior to HIV vaccination did not affect levels of IL-2/TNF expressing p24Gag-specific CD4 T cells ([Figure 6](#pone-0041205-g006){ref-type="fig"}). Similarly to the virus-specific humoral response induced by the HIV vaccine, *Mtb* infection has an adverse effect on HIV-specific T cell immunity.

![Multifunctional HIV p24 antigen-specific T cells in spleens of uninfected or *Mtb*-infected mice vaccinated with MultiHIV DNA/protein.\
Splenocytes from *Mtb*-infected or uninfected mice, subsequently immunized and boosted with MultiHIV DNA/protein, were isolated 4 wk post-vaccination, restimulated *ex vivo* with HIV p24 antigen, and stained for CD4 markers and for intracellular IFN-γ, TNF, and IL-2 (details in [Materials and Methods](#s4){ref-type="sec"}). Frequencies of HIV p24 antigen-specific multifunctional CD4 T cells simultaneously producing IFN-γ, IL-2 and TNF were determined by flow cytometry. Mean numbers (A) and frequencies (B) ± SEM of multifunctional T cells are shown (6--8 animals/group from one individual experiment; \*: P\<0.05). The presence of multifunctional T cells was examined in two separate experiments.](pone.0041205.g006){#pone-0041205-g006}

In conclusion, our data show that *Mtb* negatively influences multiple effector functions believed to be important for efficient control of HIV infection.

Mice Aerosol-Infected with a Low *Mtb* Dose Develop Chronic TB Infection Unaffected by Subsequent HIV Vaccination {#s2f}
-----------------------------------------------------------------------------------------------------------------

In order to evaluate if HIV vaccine may interfere with the course of *Mtb* infection we infected resistant C57BL/6 mice with a low dose of aerosolized *Mtb* via the respiratory route (50--100 bacteria/lung) followed by vaccination with MultiHIV DNA by the i.n. or the i.m. route. Throughout the entire experimental period *Mtb*-infected mice remained in good physical condition and did not show any symptoms of disease. As expected, at the end of the experiment (17 wk post-infection) lungs of all infected mice contained between 4.8--6.0 logs bacteria ([Figure S2](#pone.0041205.s002){ref-type="supplementary-material"}). Lung bacterial burdens of mice that post-infection received MultiHIV DNA/protein vaccine did not significantly differ from those of non-vaccinated mice irrespective of vaccination route.

Discussion {#s3}
==========

It has become increasingly clear that for an effective HIV-1 vaccine to materialize two issues will be critical: a durable antibody response with broad-neutralizing capacity to block the virus transmission [@pone.0041205-Kim1] and a robust cellular response to limit virus replication in those who already are infected [@pone.0041205-Haynes1]. Using two vaccination routes we investigated the impact of concurrent *Mtb* infection on the immunogenicity of a HIV DNA/protein vaccine candidate in *Mtb* resistant C57BL/6 mice. Remarkably, we found that this subclinical chronic *Mtb* infection impaired both the magnitude and the quality of antibody and T cell responses to the vaccine components p24Gag and gp160Env. Thus, *Mtb*-infected mice showed significant albeit transient decrease of p24Gag-specific serum IgG titers elicited by i.n. vaccination and sustained reduction of both p24Gag- and gp160Env-specific serum IgA induced by i.m. vaccination. Importantly, although concurrent *Mtb* infection in i.m. vaccinated mice did not affect HIV-specific serum IgG levels, it resulted in a significant decrease in serum neutralizing activity towards heterologous HIV clades. Also, *Mtb*-infected mice had, irrespective of the HIV vaccination route, fewer p24Gag-specific IFN-γ- or TNF-producing splenic T cells, and, importantly, reduced levels of p24Gag-specific multifunctional T cells simultaneously expressing IFN-γ, TNF, and IL-2.

Thus, in our study, pre-existing subclinical chronic *Mtb* infection in mice interfered with many types of immune responses to HIV antigens which are considered important for both natural and vaccine-induced immunity, such as mucosal and serum antibodies, including neutralizing antibodies [@pone.0041205-Gizurarson1], [@pone.0041205-Masopust1], robust CD4 and CD8 T cell responses [@pone.0041205-Owen1], [@pone.0041205-Belyakov1], and multifunctional T cells [@pone.0041205-Burgers1]. This is, to our knowledge, the first report on detrimental effect of *Mtb* infection on development of post-vaccination HIV immunity. Furthermore, this is also the first report on impairment by mycobacteria of immune responses to any type of heterologous antigens, with the exception of an early study by Dubos et al who showed, that infection of mice with BCG or administration of mycobacterial lipids could, depending on the administration route, either protect from or enhance concurrent infection with *Staphylococcus aureus* [@pone.0041205-Dubos1], [@pone.0041205-Schaedler1].

It has previously been reported that some chronic and acute infections other than TB, including those with intracellular pathogens, may modify immune responses to and efficacy of heterologous vaccines. Helminth infections have been implicated in a compromised protective efficacy of tetanus [@pone.0041205-Nookala1] and BCG vaccinations [@pone.0041205-Elias1]. Malaria has been suggested to suppress antibody responses to meningococcal C [@pone.0041205-Greenwood1] and *Salmonella typhi* O [@pone.0041205-BradleyMoore1] polysaccharide vaccines and tetanus vaccine [@pone.0041205-McGregor1]. Immunosuppressive effects of malaria have also been associated with increased risk of bacterial infections [@pone.0041205-Bassat1] and increased HIV loads [@pone.0041205-Kublin1]. Similarly, certain viral infections, have been found to interfere with immune responses to unrelated vaccines and concurrent infections; attenuated polio virus administered with oral polio vaccine has been associated with reduced efficacy of BCG vaccination [@pone.0041205-Sartono1], measles was found to non-specifically suppress immune responses to secondary bacterial infections for instance *Listeria monocytogenes* [@pone.0041205-Slifka1] and HIV infection has been shown to increase the risk of mycobacterial diseases including TB [@pone.0041205-Diedrich1].

The mechanisms underlying the ability of certain pathogens to impair immune responses to heterologous vaccines or concurrent infections, including detrimental effect of *Mtb* infection on HIV vaccination described here, remain as yet unclear. In this study we found that chronic Mtb infection impairs both humoral and cellular immune responses elicited by HIV vaccination; therefore we expect that more than one mechanism is involved. One of the better-explored mechanisms of pathogen-related immune subversion is exerted by helmithes and protozoa and relies on an induction of a highly Th2 cell-polarized environment. Because of the crossregulation between Th1 and Th2 responses, the helminth-induced pertinent Th2 bias may result in the increased susceptibility to Th1-controlled infections [@pone.0041205-Elias2], [@pone.0041205-Hartgers1] and decreased responses to vaccinations [@pone.0041205-Nookala1], [@pone.0041205-Elias1], [@pone.0041205-Cooper1]. However, this mechanism does not account for the *Mtb*-mediated suppression of HIV vaccine-induced responses reported here because, instead of increased Th2 polarization, we observed augmented Th1 bias in mice infected with *Mtb* prior to HIV vaccination.

Studies of HIV positive subjects reveal the presence of both neutralizing antibodies and serum antibodies that will enhance HIV infection, the latter with opsonizing activity allowing the virus to enter and multiply inside host cells [@pone.0041205-Subbramanian1] The balance between two types of antibodies changes as the disease progresses and during advanced stages the proportion of infection-enhancing opsonizing antibodies are generally higher than neutralizing anibodies. It could be hypothesized that *Mtb* infection drives mainly production of opsonizing IgG antibodies. This could be the reason why despite high serum levels of IgG elicited by i.m. HIV vaccination in both *Mtb*-infected and non-infected mice, serum antibodies of infected animals had much lower neutralizing ability than in non *Mtb*-infected counterparts.

Since *Mtb* and HIV do not share antigenic epitopes, it is unlikely that the observed inhibition by concurrent TB of immune responses to the HIV vaccine candidate is antigen-specific. Instead, it could be envisaged that non-antigen specific "bystander" suppressive mechanisms are involved in such inhibition. Indeed, evidence supports the idea that infection-induced specific regulatory T cells, in addition to suppression of specific immune responses, can also suppress unrelated immune responses in a non-antigen specific manner, either through direct cellular contact or via the regulatory cytokines they produce [@pone.0041205-Thornton1]--[@pone.0041205-Hu1]. Regulatory T cells have been shown to be induced both in active and latent TB [@pone.0041205-Marin1] and have been implicated in the downregulation of immune control of *Mtb* infection and progression to active disease [@pone.0041205-Kursar1], [@pone.0041205-Chen1]. Additionally, the impairment of humoral and T cell responses to intranasal HIV vaccination which we found in *Mtb*-infected mice could also result from a competitive presentation of *Mtb* antigens and HIV vaccine antigens co-localizing in respiratory tract-associated lymph nodes [@pone.0041205-Balmelli1].

In summary, we report for the first time that chronic *Mtb* infection of mice prior to inoculation with an experimental HIV vaccine has detrimental effect on vaccine-specific antibody and T cell responses. These results suggest that asymptomatic *Mtb* infection could also interfere with prospective HIV vaccination in humans. Therefore, we firmly believe that our findings have important implications for the development of potential HIV candidates. When ultimately a HIV vaccine is available, the need for such a vaccine will be greatest where TB is endemic. As estimated by the WHO currently one third of the world's population is latently infected with *Mtb* [@pone.0041205-World1]. This vast number of latently infected constitutes the main reservoir for adult pulmonary TB; in about 5--10% of such individuals the infection becomes reactivated mainly when the immune system is compromised [@pone.0041205-Lin1]. Recent studies on mutation rates of *Mtb* bacilli suggest that during the latent stage of infection, the bacteria are able to slowly replicate [@pone.0041205-Sherman1]--[@pone.0041205-Ford1]. This may lead to low level engagement of the immune system [@pone.0041205-Cardona1]. Studies of low dose *Mtb* aerosol infections in macaques, resulting in approximately half of the monkeys being classified as latently infected that may naturally reactivate, and observations from epidemiological studies strongly suggest that the transition from latent to active TB is a multistage and gradual process [@pone.0041205-Capuano1]--[@pone.0041205-Mtei1]. Together with other factors this extended subclinical phase could result in a delayed or false negative diagnosis [@pone.0041205-Cunningham1]. Therefore, our results advocate that chronic and undiagnosed, or even latent, *Mtb* infection interferes with the immune response elicited by HIV vaccine candidates and should be taken into account during vaccine design and in clinical trials.

Materials and Methods {#s4}
=====================

*Mtb* Infection {#s4a}
---------------

*Mtb* Harlingen strain was prepared as described earlier [@pone.0041205-Hamasur1]. Six wk-old female C57BL/6 mice were infected aerogenically with low dose of *Mtb* (50--100 bacteria/lung) using a nose-only aerosol exposure apparatus (In-Tox Products, Moriarty, NM, USA) as previously described [@pone.0041205-Leepiyasakulchai1].

Lung inoculum was verified by agar plating 24 h after infection. Lungs for all time points were homogenized in PBS with 0.02% Tween 80 and serial dilutions of lung homogenates were plated onto Middlebrook 7H10 agar. Colonies were counted after 2 to 3 wk incubation at 37°C. All work with *Mtb* and *Mtb*-infected animals was conducted in a BSL-3 containment laboratory. The local committee on animal ethics and the Swedish Board of Agriculture approved all animal experiments.

HIV Vaccine and Immunization {#s4b}
----------------------------

Seven wk post-*Mtb* infection groups of mice (6--8 animals/group) were immunized i.n. or i.m. with 10 µg of plasmids encoding HIV-1 subtype B gp160Env, p37Gag, Nef, Tat, and Rev (MultiHIV DNA vaccine) [@pone.0041205-Sandstrm1] formulated in N3 adjuvant (2% lipid) and subsequently boosted twice (4 and 6 wk post-DNA vaccination) with 5 µg of recombinant gp160Env, p24Gag, Tat and Nef formulated in L3 adjuvant (2% lipid) [@pone.0041205-Hinkula1], [@pone.0041205-Brve1]. Control groups were sham-vaccinated with saline.

Sample Collection {#s4c}
-----------------

Two wk after the last HIV boost vaccination tail blood and vaginal wash samples were collected for IgG and IgA assays and frozen until the time of analysis. Four wk post-vaccination the mice were sacrificed and blood, vaginal washes, spleens and lungs were collected.

In Vitro Stimulation and Intracellular Cytokine Staining {#s4d}
--------------------------------------------------------

A single cell suspension of splenocytes was obtained by grinding the spleen and passing the obtained cell suspension through a 70 µm strainer (BD Falcon) into DMEM (BD Bioscience) supplemented with 10% inactivated FBS, penicillin/streptomycin, L-glutamine, sodium-pyruvate (Invitrogen). Erythrocytes were lysed with NH~4~Cl and the remaining splenocytes (1×10^6^/well) from individual animals were stimulated for 6 h in the presence of peptide pools (15-mers overlapping by 10 amino acids, Thermo-Hybaid, Germany, 1.25 µg/ml each peptide) covering either gp160Env or p24Gag proteins dissolved in complete DMEM medium, in the presence of brefeldin A (10 µg/mL, eBioscience). Medium alone was used as a negative control and PMA/Ionomycin (at 25 ng/mL and 1 µg/mL, Sigma-Aldrich) was used as positive control. After stimulation the cells were washed with FACS buffer (PBS with 1% FBS) and incubated with purified anti-mouse CD16/CD32 (2.4G2, BD Bioscience) at 20 µg/mL for 15 min at 4°C to block nonspecific binding (Fc block). The cells were washed and incubated 15 min at 4°C with primary antibodies specific for surface makers (anti-CD3 17A2, anti-CD4 GK1.5, and anti-CD8α 53-6.7, all from eBioscience), or appropriate isotype controls, diluted in FACS buffer. After washing, cells were fixed with 2% paraformaldehyde, permeabilized using permeabilization buffer (eBioscience) and incubated for 20 min at 20°C with antibodies specific for intracellular cytokines; anti-IL-2 JE56-5H4, anti-IFN-γ XMG1.2, and anti-TNF-α MP6-XT22, all from eBioscience. The cells were washed with permeabilization buffer and then with FACS buffer, resuspended and analyzed by flow cytometry using BD FACSCanto II flow cytometer (BD Biosciences). Data analysis was performed using FlowJo software.

IgG and IgA ELISA {#s4e}
-----------------

Vaginal washes were obtained and analyzed as previously described [@pone.0041205-Asakura1]--[@pone.0041205-Devito1]. 96-well plates (Nunc Maxisorp) were coated with the recombinant HIV-1 proteins p24Gag (0.5 µg/mL, Aalto Bio Reagents), gp160Env (0.5 µg/mL, BioSciences Int), Nef (0.5 µg/mL, kindly provided by V. Erfle, GSF, Munich, Germany), and Tat (1 µg/mL, kindly provided by C. Svanholm, KI, Stockholm). ELISA was carried out essentially as previously described [@pone.0041205-Devito2].

Neutralization Assay {#s4f}
--------------------

Immune mouse sera were pooled within each experimental group and were tested for the presence of neutralizing activity. Sera were heat-inactivated (56°C for 30 min) and serially diluted at 3-fold dilutions, starting at 1/20. Neutralization assay was performed as described earlier using replication of HIV-1 SF2 strain and the primary NSI/CCR5 tropic clade B isolate 6920 in PBMCs as readout system [@pone.0041205-Lundholm1]. Virus production was measured in a p24Gag antigen capture ELISA [@pone.0041205-Foulds1]. An HIV-1-positive serum pool (HIVIG) and the human mAb 2F5, specific for the gp41 ELDKWAS epitope, were used as a positive control. Neutralization was defined as the sample titer resulting in 50% reduction (NT~50~) of p24Gag antigen in the supernatant compared with p24Env antigen content when the virus was incubated in the presence of HIV Ab from negative serum. All assays were repeated at least twice.

Statistical Analysis {#s4g}
--------------------

The statistical significance of differences between groups was calculated by the one-way nonparametric Kruskal-Wallis test followed by Dunn's multiple comparison posttest IgG1/IgG2a ratios were compared using a two-tailed Student *t* test. Statistical analysis was performed using GraphPad PRISM software version 5.0 (GraphPad Software, Inc). P-values were considered to be significant if less than 0.05. Experiments were repeated twice.

Supporting Information {#s5}
======================

###### 

**Effect of** ***Mtb*** **infection on HIV-specific serum IgG titers induced in mice by MultiHIV DNA vaccination followed by protein boost.** Uninfected or *Mtb*-infected C57BL/6 mice were immunized and boosted with MultiHIV DNA/protein, as described in [Materials and Methods](#s4){ref-type="sec"}. 4 wk post-vaccination HIV-specific serum IgG levels were assayed with HIV antigen-ELISA using Tat and Nef as coating antigens, as described in [Materials and Methods](#s4){ref-type="sec"}. Median endpoint titer of 6--8 mice/group from one individual experiment is shown as a solid line. The box defines the 75th and 25th percentiles and the whiskers define the maximum and minimum values. Dashed line indicates the ELISA sensitivity threshold. HIV-specific serum IgG levels were assayed in two separate experiments.

(TIF)

###### 

Click here for additional data file.

###### 

**Bacterial loads in lungs of mice 17 wk post-infection with** ***Mtb*** **.** C57BL/6 mice aerogenically infected with low dose *Mtb* (50--100 bacteria/lung) were, 7 wk later, vaccinated i.n. or i.m. with MultiHIV DNA in N3 adjuvant followed by two booster inoculations of HIV proteins in L3 adjuvant (details in [Materials and Methods](#s4){ref-type="sec"}). Control group of mice was left unvaccinated. Lung homogenates from mice sacrificed 17 wk post-infection were plated on Middlebrook agar and bacterial CFU were enumerated as described in [Materials and Methods](#s4){ref-type="sec"}. Median lung CFU value of 6--8 mice/group from individual experiment is shown as a solid line. The box defines the 75th and 25th percentiles and the whiskers define the maximum and minimum values. The bacterial load was determined in two separate experiments.

(TIF)

###### 

Click here for additional data file.
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